For electrons tunneling between parallel two-dimensional electron systems, conservation of in-plane momentum produces sharply resonant currentvoltage characteristics and provides a uniquely sensitive probe of the underlying electronic spectral functions. We report here the application of this technique to accurate measurements of the temperature dependence of the electron-electron scattering rate in clean two-dimensional systems. Our results are in qualitative agreement with existing calculations.
tering times, here we are concerned with the much weaker scattering processes which limit the lifetime of thermal electrons near the Fermi level. Crucial to the success of our method is the conservation of in-plane momentum. This constraint greatly restricts the phase space available for tunneling between parallel 2D systems and allows unique access to the underlying electronic spectral function A(E, k). This function, which gives the probability that an electron with wavevector k has energy E, possesses a strong peak near the single-particle energyh 2 k 2 /2m. The width of this peak, the quantity measured in these experiments, reflects the finite lifetime of the momentum eigenstates.
In these experiments we measure the tunnel current flowing perpendicularly between two parallel 2D electron systems (2DES) separated by a barrier. In the ideal case (i.e.
no disorder, electron-electron interactions, etc.) the conservation of in-plane momentum implies that an electron can tunnel only if the quantized energy levels in the two wells line up precisely [6] . This implies that the current-voltage characteristics of an ideal 2D-2D tunnel junction is singular; the tunneling conductance is zero everywhere except at those discrete voltages which produce alignment of the proper energy levels. This unusual situation 2 contrasts sharply with 2D-3D and 3D-3D junctions where tunneling proceeds over an energy range comparable to the Fermi energy E F . In real 2D-2D junctions the tunnel resonances will have a finite width, set not by E F , but only by the degree to which the conditions of the ideal model break down. Loss of momentum conservation due to imperfections in the tunnel barrier is one source of broadening. But even with a perfect barrier, the finite lifetime of individual electronic (momentum) states in either 2DES will broaden the tunnel resonance [7] . As we shall see, the contribution of electron-electron scattering to this latter effect dominates the temperature dependence of the observed tunneling linewidth.
The double quantum well (DQW) heterostructures used in this experiment consist of two 200Å-wide GaAs quantum wells separated by an undoped Al x Ga 1−x As barrier. Samples with barrier widths ranging from 175 to 340Å and Al mole fractions 0.1 < x < 0.33 have been studied. Total densities ranged from 1 to 1.6 × 10 11 cm −2 with low temperature mobilities in excess of 10 6 cm 2 /V s. The densities in each quantum well could be further adjusted using gate electrodes deposited on the top and bottom of the sample. Ohmic contacts to the individual 2DES layers [8] were placed at the ends of narrow arms protruding from a 250µm square central mesa. With these contacts we could directly measure the tunneling conductance dI/dV (using 17Hz, 0.1mV excitation) as a function of the dc interlayer voltage V . This implies a high degree of momentum conservation on tunneling [9] . Figure   1 also reveals that as the temperature rises, the peak tunneling conductance falls while the width of the resonance increases. We shall argue that this behavior reflects the decreasing electronic lifetime, due to electron-electron scattering, in each quantum well.
Instead of analyzing the measured dI/dV data directly, it is more convenient to study the ratio I/V ≡ F (V ). We construct this ratio after numerically integrating the measured dI/dV to obtain the tunnel current [10] . This ratio has two important attributes. and we can directly compare the mobility lifetime broadeningh/τ µ to the measured tunnel resonance linewidth [11] . This comparison shows thath/τ eph is roughly 50X smaller than Γ at T = 10K. Thus e-ph scattering within each 2DES is a minor contributor to the net electronic lifetime in this experiment. Phonon-assisted tunneling processes can also be ruled out since the opening up of such a new tunneling channel would presumably increase the peak tunnel conductance whereas it is observed in fact to decrease . We believe instead that e-e scattering is responsible for the observed temperature dependence of Γ.
To quantitatively analyze our data we begin with the generalized Golden Rule expression[12] for the tunnel current flowing between the left (L) and right (R) quantum wells:
where α is a constant, T k,k ′ the tunneling matrix element, and f(E) is the Fermi function.
With E measured from the Fermi level E F the spectral function A(E, k) is a function of for simplicity, that k B T and γ are much less than E F (as in our experiment), reduces Eq. 1
with β a constant. Thus, the ratio I/V ≡ F (V ) is just the convolution of the spectral functions [14] and exhibits a maximum when have found Γ to be well approximated by Γ(T ) = Γ 0 + αT 2 . The inset to Fig. 3 shows that the coefficient α is inversely proportional to the 2D density N s . Data from all samples and densities [15] are displayed together in the main panel of Fig. 3 . The data collapse reasonably well onto a single curve if, for each density, we plot (Γ − Γ 0 )/E F vs. T /T F . This behavior is consistent with electron-electron scattering in a clean 2DES.
There is disagreement among the various theoretical calculations of the thermal e-e scattering rate. Hodges, et al. [16] first showed that for a 2D electron at the Fermi level h/τ ee ∝ T 2 log(T F /T ) at low temperature. Subsequently, Giuliani and Quinn (GQ) [17] found
where q T F is the 2D Thomas-Fermi screening wavevector (2×10 6 cm −1 in GaAs) and k F is the Fermi wavevector. This expression [18] is the dashed line labeled GQ in Fig. 3 . Fukuyama and Abrahams (FA) [19] , however, found a T 2 log(T F /T ) term π 2 larger than GQ; ; this result is also shown in the figure. Additionally, Fasol [20] and Yacoby, et al. [1] both report numerical calculations ofh/τ ee which exceed Eq. 3 by a factor of two.
The measured scattering rate in this experiment is roughly 6X larger than the GQ result.
We note that Yacoby, et al. [1] and Berk, et al. [21] , using different methods, have also reported e-e scattering rates significantly larger than the GQ prediction. Since our data possess the temperature and density dependences expected for e-e scattering in clean 2D
systems, and the magnitude is comparable to the various theoretical estimates, we believe that the operative broadening mechanism has been identified. Nevertheless, we comment on three potential sources of enhanced scattering. First, in a diffusive 2D system the e-e scattering rate is enhanced [22] , with τ ee −1 varying linearly with temperature. This effect, however, is unlikely to be important here. Aside from possessing a different temperature dependence, the observed inelastic scattering rate (Γ − Γ 0 )/h dominates the static disorder rate Γ 0 /h at high temperature. This implies that the electrons move ballistically between inelastic events. Another possible contribution to Γ arises from interlayer Coulomb interactions. Recent studies [23] of the interlayer e-e scattering rate in samples similar to ours show that this process can be safely ignored, even after allowing for the contribution of acoustic interlayer plasmons [24] . In any event, these interlayer processes cannot be very important since we find no dependence of Γ on the tunnel barrier thickness (between 175 and 340Å).
Finally, we note that Eq. 3 is applicable only at very low temperatures for electrons exactly at the Fermi level and assumes that all many-body effects beyond RPA are negligible. Each of these assumptions is violated to some extent by the conditions of our experiment.
In summary, we have applied the technique of 2D-2D tunneling spectroscopy to determining the spectral properties of electrons in semiconductor quantum wells. The density and temperature dependences of the thermal electron-electron scattering rate have been measured. We believe that this method will find numerous further applications. 
